Pyramidal textures are commonly used to reduce reflections from silicon solar cells and improve light absorption by light trapping. They are generally modelled or characterized under normal incidence. In this work, a monolayer 3D ray tracing program taking into account the polarisation of light have been developed, validated and used to compute the directionalhemispherical reflectance versus the azimuth and incidence angles for both regular upright pyramids and inverted ones, with (111) facets. Results are given for a wavelength of 0.7 µm. They show that this reflectance is not minimal at normal incidence but for an incidence angle near 20
Abstract
Pyramidal textures are commonly used to reduce reflections from silicon solar cells and improve light absorption by light trapping. They are generally modelled or characterized under normal incidence. In this work, a monolayer 3D ray tracing program taking into account the polarisation of light have been developed, validated and used to compute the directionalhemispherical reflectance versus the azimuth and incidence angles for both regular upright pyramids and inverted ones, with (111) facets. Results are given for a wavelength of 0.7 µm. They show that this reflectance is not minimal at normal incidence but for an incidence angle near 20
• and that upright pyramids can have a lower hemispherical reflectance than inverted ones for incidence angles in the middle range. The bihemispherical reflectance is 19.6% for regular upright pyramids and 20.7% for inverted ones. The effect of the pyramids aspect ratio on the hemispherical reflectance at normal incidence is also studied. This reflectance decreases with the aspect ratio of both textures. Above an aspect ratio of 0.51, inverted pyramids have a lower hemispherical reflectance. But their bihemispherical reflectance is lower only for aspect ratios below 0.23.
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Introduction
Surface texturing is commonly used to reduce reflections from silicon solar cells and improve light absorption by light trapping (Razykov et al., 2011) . In particular, the record monocrystalline silicon cell (25% efficiency) has an inverted pyramid surface texture (Zhao et al., 1998; Green et al., 2013) . Pyramidal textures are typically produced by etching (100)-oriented monocrystalline wafers in an alkaline solution such as KOH or NaOH (Moreno et al., 2014) . The etching being anisotropic gives theoretically (Baker-Finch and McIntosh, 2013) square-based pyramids with (111) facets inclined by 54.74
• from the horizontal plane. The efficiency of surface textures is generally evaluated by characterizing or modelling under normally incident light, and it is well known that in those conditions inverted pyramids have a lower reflectance than upright ones (Baker-Finch and McIntosh, 2011) . Sometimes the zenith incidence angle is considered (Rodríguez et al., 1997; Yu et al., 2003; Byun et al., 2012; McIntosh and Baker-Finch, 2012 ), but we found very few studies considering both zenith and azimuth incidence angles (Parretta et al., 1999; Gjessing et al., 2011) . In this paper, we study the directional-hemispherical reflectance of regular upright and inverted pyramids, taking into account both angles, and their bihemispherical reflectance (i.e. hemispherical-hemispherical reflectance, the first adjective relating to the collimation of the source, the second of the detector (Nicodemus et al., 1977; Hapke, 2012) ).
First, the development and the validation of a 3D ray tracing model taking into account polarisation are presented. It is then used to compute and study the directional-hemispherical reflectance of regular upright and inverted pyramids versus zenith and azimuth angles. Then we compare these two textures under diffuse light by computing their bihemispherical reflectance.
Although chemical etching is imposing the base angle of pyramids, it could be interesting to obtain pyramids with a higher base angle in order to reduce reflections and to increase light trapping (Hua et al., 2010) . We therefore in a second part study the effect of the aspect ratio of both types of pyramids on their directional-hemispherical and bihemispherical reflectances.
Simulation

Model description
A ray tracing program was developed in Fortran using the test driven development methodology (Gagliardi, 2007) , which is well adapted to scientific computing programs: for each needed function, automated tests are first written. Then the function is written, with the simplest possible code that can pass the tests. Then the code is refactored or optimised if needed, and the tests launched. The development process continues with another function. The automated tests allow the developer to code with more confidence. System tests can be added when the model is functional, in order to avoid any regression in the code. Following this methodology, we gradually developed a 2D model, then a 3D one, and finally we introduced a rigorous approach of the polarisation of light.
Indeed, a 3D model is necessary to study a texture illuminated under any incidence angle and azimuth angle, and the polarisation must be taken into account to study inverted pyramids because reflections on orthogonal facets produce polarisation rotations (Trupke et al., 2006; Baker-Finch and McIntosh, 2011) . Our model can simulate any surface that can be mathematically described as a z = f (x, y) continuous function. This surface must be meshed with triangles: in the case of a square-based pyramids texture, each pyramid is simply meshed with four triangles. In this paper, unless otherwise specified, the simulated area is 100 × 100 µm, covered by one hundred 10 × 10 µm pyramids (Fig. 1) , when computing the directional-hemispherical reflectance, and 400 × 400 µm for bihemispherical reflectance. These pyramids have a height or depth of 7.07 µm, their facets being inclined by 54.74
• from the horizontal plane, although recent studies have confirmed that in practice that angle can be slightly lower (Yang et al., 2013; Baker-Finch and McIntosh, 2013) , a point that will be discussed later. The dimensions of the pyramids being much greater than the wavelengths absorbed by silicon, the geometric optics approximation can be considered valid. Under this hypothesis, the optical behaviour does not depend on the width of the pyramids but only on the inclination angle of their facets (Byun et al., 2011; Lien et al., 2012) .
Each ray direction is defined using spherical coordinates as shown in Fig. 1 . Light is considered unpolarised: each launched ray has its own complex electric field vector, orthogonal to the propagation direction (the medium is considered linear and isotropic), oriented in space using a random angle in the 0 − 2π range and defined as a unit vector. The reflected elec-tric field vector is computed using the three-by-three polarisation ray tracing matrix as extensively described by Yun et al. (2011) and resumed by BakerFinch and McIntosh (2011) . This matrix is the product of three matrices: a first orthogonal matrix to transform between the global coordinate basis and the local s-p coordinates, the reflection Jones matrix and a third orthogonal matrix to transform between the local s-p coordinates and the global coordinate basis. The Jones Matrix includes the complex amplitude Fresnel coefficients computed for s and p polarisations (Hapke, 2012) . The cos(θ i ) geometric factor of the solar energy actually captured under an incidence angle θ i is omitted to better compare the actual light-trapping efficiency of the textures at various azimuth and incidence angles (Gjessing et al., 2011) .
In each simulation, one million incident rays are generated at random (x, y) positions over the surface. For studies with high incidence angles, these positions are restricted to the central pyramid in order to limit the number of rays exiting the computing window. For each ray, the algorithm searches the nearest intersected triangle, computes geometrically the incidence and reflection angles, then the reflected energy, until the ray quits the computing window. The number of bounces is recorded for statistics.
Transmitted rays are considered totally absorbed by silicon. Results computed under this hypothesis are generally in good agreement with measurements until a wavelength of 1 µm. Beyond, the absorption depth in silicon becomes rapidly greater than the thickness of the substrate and light can be easily reflected by the back surface one or several times and finally escape by the front surface.
The main output of the program is the directional-hemispherical reflectance at the considered wavelength. To lighten the text of this paper we will use the term hemispherical reflectance in the text and reflectance in the figures. Other outputs consist of the percentage of single bounces, double bounces, etc., the average number of bounces, and if necessary the complete path followed by each incident ray (directions, coordinates of each reflection point, facets numbers, energy, polarisation). The generated surface is recorded in a file using the STL (STereoLithography) format that can be imported in a 3D visualisation software (Fig. 1) or even printed with a 3D printer to obtain a macroscale prototype.
The complex refractive indexes of intrinsic silicon in the 0.25 µm−1.45 µm wavelength range are taken from the tabulation published by Green (2008) . Unless otherwise specified, all results in this paper are given for the λ = 0.7 µm wavelength. That will be discussed in the results section. The stan-dard deviation on the computed hemispherical reflectance expressed as a percentage has been evaluated to 0.005 by launching the same computing one thousand times with one million rays.
Model validation
The model was validated first by computing well-known results. For a perfectly plane surface the computed hemispherical reflectance is 33.7% under normal incidence, each ray being reflected only once. In the case of regular upright pyramids and normal incidence, 88.8% of normally incident rays suffer a double bounce and 11.1% a triple bounce (Baker-Finch and McIntosh, 2011) , resulting in a 2.11 mean number of bounces and a 11.45% hemispherical reflectance. In the case of inverted pyramids, 59.2% of normally incident rays suffer a double bounce and 40.8% a triple bounce as obtained with OPAL 2 free online software (McIntosh and Baker-Finch, 2012) , resulting in a 2.41 mean number of bounces and a 8.70% hemispherical reflectance. As is well known, inverted pyramids are therefore better than upright pyramids when illuminated under normal incidence (Fig. 2) . The angles of reflection for each possible path were also verified (Baker-Finch and McIntosh, 2011) . We also compared our results with simulation and experimental data published in the literature (Byun et al., 2011; Lien et al., 2012) for bare silicon and upright pyramids. It should be noted that it is current in the literature to compare the modelling of regular upright pyramids with measurements of random upright pyramids, because a regular texture is far easier to mesh.
Secondly, the simulation results were compared with the first experiments made in our laboratories on that subject. Inverted pyramids were etched on silicon (Fig. 3) . The samples were p-type (boron doped) Czochralski silicon wafers with 5 − 10 Ω.cm resistivity, (100) orientation and 300 µm thickness. Their front side was polished. Silicon nitride (SiN x H y ) was first deposited by low-pressure chemical vapor deposition (LPCVD) on both sides. In a second step, 9 µm square patterns with 1 µm resist gaps were realized on front side using electron-beam lithography. Reactive-ion etching has been used to transfer the resist pattern into the SiN x H y film before this latter was also removed using a RIE process. KOH wet etching was then carried out at 80
• C. A rotating (150 rpm) magnetic stirrer was used during this etching step in order to obtain a uniform etch. The inverted pyramids measured width is 9.8 µm. The surface topography was characterized by scanning electron microscopy (Fig. 3) . The total reflectivity was measured using a Hitachi UVVISNIR 4001 spectrophotometer equipped with an integrating sphere in the 0.35 − 1 µm wavelength range at room temperature.
Simulation and experimental results are compared on Fig. 2 . Concerning polished silicon, measurements and simulation are in very good agreement. Concerning inverted pyramids, the measured hemispherical reflectance is 9.8% when the computed value is 8.7% at a wavelength of 0.7 µm. A great part of the difference can be explained by the presence of a 200 nm wide planar zone between adjacent pyramids (see Fig. 3 ), due to the technological process. If we compute the weighted sum of the hemispherical reflectances of the pyramidal part and of the planar fraction, we obtain a 9.68% hemispherical reflectance, which is very close to measurements. However, it can not explain the greater difference in the UV wavelengths. At a wavelength of 0.35 µm the computed hemispherical reflectance is 21.5% and the measured one is 26.2%. This gap may come from a strong increase of the imaginary part of the complex optical index due to the doping of the silicon substrate (2 × 10 15 cm −3 ), the model using the optical index of intrinsic silicon (Green, 2008) . This hypothesis is consistent with the fact that the gap is lower for the plane surface, where the rays are bouncing only once.
Results and discussion
Influence of the incidence and azimuth angles
The mean number of bounces and the hemispherical reflectance of surfaces textured with regular upright pyramids (Fig. 4 and 5 ) and regular inverted pyramids ( Fig. 6 and 7) have been computed for incidence angles between 0 and 90
• and azimuth angles between 0 and 45 • because of the four-fold rotational symmetry. The computing time for each kind of pyramids was four days on a personal computer. Note that at incidence angles beyond 80
• , the simulation window have been enlarged to 1000 × 1000 µm to avoid rays being lost outside that window. This can be the case for upright pyramids, rays being injected just above the plan containing the top of the pyramids, those travelling between two rows of pyramids (near 0
• azimuth angle) at high incidence angle can cross the window before reflecting upon a pyramid facet (Fig. 1) .
Figures 4 and 5 show that the azimuth angle can have a much more significant effect on the hemispherical reflectance and the mean number of bounces in the case of upright pyramids, for incidence angles above 40
• . There is even a dramatic peak of hemispherical reflectance for the 0
• azimuth angle and very high incidence angles (Fig. 5) , because an important proportion of rays travelling between two rows of pyramids are reflected upward only once on the lateral pyramid facets at grazing incidence, which implies that Fresnel coefficients are very high. Some computations were made at other wavelengths than λ = 0.7 µm and showed that the global shape of the 3D reflectance plots were similar but with a shift toward higher or lower reflectances. Indeed, the values of the Fresnel coefficients are wavelength dependent but not the geometrical paths followed by the reflected rays. Which also means that the plots concerning the mean number of bounces are not dependent on wavelength.
Another result is that for upright pyramids the hemispherical reflectance is not minimal at normal incidence but between 15
• and 20
• , depending on the azimuth angle. Its minimal value is 10.6% for a zero azimuth angle and a 19
• incidence angle. It corresponds to the maximum of the mean number of bounces, whose value is 2.22. For inverted pyramids, the effect is smaller, the minimal hemispherical reflectance being 8.58% and the mean number of bounces being 2.48 for a 45
• azimuth angle and a 22
• incidence angle. It is well known that at normal incidence inverted pyramids are better than upright ones. But this is not the case in all lighting conditions. The difference of hemispherical reflectance between upright and inverted pyramids is plotted Fig. 8 . The upright pyramids hemispherical reflectance is higher at low and high incidences angles but can be lower in the middle range. For example, our results show that for a zero azimuth angle, upright pyramids have a lower hemispherical reflectance for incidence angles between 26
• and 85
• . At a 72
• incidence angle, its value is 19.8% for upright pyramids and 30.4% for inverted pyramids. It corresponds to the trough that can be seen in Fig. 5 . For a 45
• azimuth angle, upright pyramids are better between 37
• and 57
• incidence angles, but the difference is far lower. At a 53
• incidence angle, the hemispherical reflectance is 25.0% for upright pyramids and 25.6% for inverted pyramids.
To compare globally these two textures we have computed their bihemispherical reflectance by a Monte Carlo method. The azimuth angle of each ray is randomly drawn between 0 and 360
• and the incidence angle between 0 and 90
• . For upright pyramids, the bihemispherical reflectance is then 19.6% and the mean number of bounces is 1.70, but for inverted pyramids the results are respectively 20.7% and 1.74. For such an isotropic diffuse light, upright pyramids are therefore better than inverted ones. The bihemispherical reflectance can give clues on the performances of solar cells under diffuse light (cloud-covered sky for example) (Parretta et al., 2003; Kelly and Gibson, 2011) .
But of course, in the case of a solar cell module the encapsulant and the glass are strongly limiting the maximum incidence angle on the silicon surface. If the encapsulant optical index is 1.5, the maximum refraction angle will be 41.8
• . Moreover at high incidences, most of the light incident on the module will be reflected at the air/encapsulant interface. For those reasons, a multilayer model would be necessary to take into account rigorously these effects.
Influence of the aspect ratio
In geometrical optics, the hemispherical reflectance of a texture depends on the complex optical index of the material, the reflection angles and the number of reflections. For a given material, the optimisation must therefore concern the geometry of the texture. For example, although alkaline etching of silicon imposes a pyramid slope near the theoretical 54.74
• angle, alternative methods could be used to obtain pyramids or other patterns with different slopes, for example femtosecond laser structuration (Crouch et al., 2004) , reactive ion etching (Yoo, 2010) or nanoimprint lithography (Yu et al., 2003) . Indeed, higher aspect ratios would have some advantages in the case of solar cells: there would be more light trapped by reflections on the encapsulant/semiconductor interface and the path length of rays would be extended, the absorption of infrared light would thus be improved (BakerFinch and McIntosh, 2013) . In this section, we study the effect of the aspect ratio (height over width), i.e. the slope of upright and inverted pyramids on the hemispherical reflectance of the texture. Note that a 54.74
• slope corresponds to a 0.707 aspect ratio, the base angle α being related to the height h and the width w of the pyramids by
The pyramids width is fixed to 10 µm and their height or depth varies in the 0 − 25 µm range, corresponding to an aspect ratio in the 0 − 2.5 range. They are illuminated at normal incidence at λ = 0.7 µm. The computed hemispherical reflectance and the mean number of bounces of regular upright and inverted pyramids versus their aspect ratio are shown Fig. 9 and 10 . Inverted pyramids give a lower hemispherical reflectance for aspect ratios above 0.51, and upright pyramids are better in the 0.29 − 0.51 range (Fig. 9) .
Concerning upright pyramids, the mean number of bounces versus aspect ratio is a step curve, because new paths with more bounces appear at discrete values of the aspect ratio (Fig. 10) . For inverted pyramids the curve is smoother, with a step ending at a 0.29 aspect ratio. And above a 0.51 aspect ratio, corresponding to a base angle of 45.6
• , the mean number of bounces on inverted pyramids is always higher than on upright ones.
It can be noted that the mean number of bounces is not sufficient to characterize the two types of surfaces, because the aspect ratio determines the possible trajectories of the rays, and therefore the Fresnel coefficients via the incidence angles. And it must be recalled that the reflectance results are given at λ = 0.7 µm. Some computations were made at other wavelengths but are not presented, the global shape of the curves being similar but with a shift toward higher or lower reflectances.
We have also computed for both upright and inverted pyramids the bihemispherical reflectance versus aspect ratio. The results show that inverted pyramids have a very slightly lower bihemispherical reflectance up to an aspect ratio of 0.23 and always a higher one above.
Some experimental studies have shown that the base angle of pyramids can be lower than the theoretical 54.74
• angle (Baker-Finch and McIntosh, 2013; Yang et al., 2013) , being around 52
• for regular inverted pyramids and 50 − 52
• for random upright pyramids. In our study, the computed hemispherical reflectance for a 0.6 aspect ratio (50
• base angle) is 12.2% for upright pyramids and 10.7% for inverted pyramids. But we have not taken into account the fact that upright pyramids can moreover not being really square-based (Baker-Finch and McIntosh, 2013) .
A limitation of this study on the effect of the aspect ratio is that the transmitted rays are supposed to be totally absorbed by silicon. A more rigorous approach would require a multilayer ray tracing model because some of these rays can exit from silicon, especially for high aspect ratios, for rays intersecting the region around the top of a pyramid or for infrared wavelengths. But this problem is quite limited by the light trapping effect, due to the total internal reflections, except for infrared wavelengths.
Conclusions
We have developed, using a test driven development methodology, a 3D ray tracing program taking into account the polarisation of light that can compute the reflectance of a textured surface, in the limits of geometrical optics. It was validated using both literature and measurements on silicon with pyramidal textures fabricated in our laboratories.
Using this model, we have computed the directional-hemispherical reflectance versus the azimuth and incidence angles for both regular upright and inverted pyramids, with (111) facets, and we have presented the results at a wavelength of 0.7 µm. A first result is that the hemispherical reflectance is not minimal at normal incidence but for an incidence angle near 20
• for both textures. A second result is that upright pyramids can have a lower hemispherical reflectance than inverted ones for incidence angles in the middle range. We have also computed the bihemispherical reflectance, by simulating an hemispherical diffuse lighting, and obtained 19.6% for regular upright pyramids and 20.7% for inverted ones. These results show that in terms of reflectance of a bare textured silicon surface, inverted pyramids are not necessarily always more efficient in real world conditions.
In the second part of this work, we explored the effect of the pyramids aspect ratio on the hemispherical reflectance at normal incidence. The mean number of bounces increases and the hemispherical reflectance decreases with the aspect ratio of both upright and inverted pyramidal textures. At a wavelength of 0.7 µm, above an aspect ratio of 0.51, corresponding to a base angle of 45.6
• , inverted pyramids have a lower reflectance. But in the case of an hemispherical lighting, the bihemispherical reflectance of inverted pyramids is lower only for aspect ratios below 0.23.
Further work will involve the modelling and optimisation of other geometrical patterns that could be fabricated by new technological processes. We also plan to develop a multilayer ray tracing model to take account light trapping effects in the substrate, the effect of the encapsulant and glass of a module, and of an anti-reflection coating. 
